The properties of nucleosynthesis processes at low metallicity remain a mystery from the nuclear and astrophysical perspectives. In this paper, we show that observations at low metallicity hide two primary processes, and these can be separated to help us constrain the astrophysical formation conditions. The fingerprint of the rapid neutron-capture process -r-process -is found in abundances in our solar system and in old stars. The solar r-process (hereafter "r-process") is not a real, single process, but the residual abundances left after subtracting the slow neutron-capture process -sprocess -contribution from the solar abundances. Many old, metal-poor stars show a robust r-process abundance pattern for elements heavier than Ba, and a less robust abundance pattern between Sr and Ag. This points to an additional process contributing mainly to these (Sr -Ag) heavy elements. This process is sometimes referred to as the LEPP (lighter element primary process). In addition, the existence of two different nuclear processes at low metallicity is also indicated by a large abundance scatter in the neutron-capture elements in contrast to the small spread of the alpha-elements (e.g. Mg). We present a robust method to separate the abundance contribution from the r-process and the LEPP in metal-poor stars. Moreover, the separation into components provides a method to determine which process contributes to the production of key elements like Sr, Zr, Ba, and Eu at low metallicities, and which process is responsible for the star-to-star abundance scatter found as a function of metallicity. This approach has been used for the first time to constrain astrophysical conditions of neutrino-driven winds from core-collapse supernovae.
INTRODUCTION
Historically, the origin of elements heavier than iron has been associated with neutron capture processes (Burbidge et al. 1957) . In the rapid neutron-capture process (r-process), the neutron captures occur faster than the beta-decay half-lives of the nuclei produced in events that involve high neutron densities and explosive environments. These two conditions, and the amount of r-process matter necessary to explain the solar system abundances, points to core-collapse supernovae as formation sites (Burbidge et al. 1957; Woosley et al. 1994) . Already in the 1990's, it was shown that the r-process occurring after a successful core-collapse supernova consists of two processes or phases (see e.g., Woosley & Hoffman 1992; Witti et al. 1994; Hoffman et al. 1996a) . First, matter expands from the newly born neutron star and cools down allowing neutrons and protons to recombine into alpha particles. During this phase the temperature is high enough, that seed nuclei are formed by charged particle reactions (CPR). Once the temperature cjhansen@lsw.uni-heidelberg.de montes@nscl.msu.edu almudena.arcones@physik.tu-darmstadt.de decreases a second phase begins, and the newly formed seed nuclei capture the remaining free neutrons. During this phase, heavier elements are eventually produced when matter beta decays to stability. Since the process starts from neutrons and protons, the r-process is a primary process, i.e. the seed nuclei are produced during the process; thus no previous enrichment in heavy elements is necessary 1 . Despite their initial success as possible sites of the rprocess, studies have shown that conditions reached in core-collapse supernovae and their neutrino-driven winds are not sufficient neutron rich to produce heavy elements up to uranium (see Arcones & Thielemann 2013 , and references therein). Hydrodynamic simulations indicate that neutrino-driven winds are slightly neutron rich or even proton rich (see e.g. Arcones et al. 2007; Fischer et al. 2010; Hüdepohl et al. 2010) . Under these conditions seed nuclei are formed by charged-particle reactions, i.e. alpha-process and νp-process (Fröhlich et al. 2006; Pruet et al. 2006; Wanajo 2006) due to the ab-sence of available free neutrons at later times. This enables a production of lighter heavy elements from Sr to Ag (see e.g., Arcones & Montes 2011; Wanajo et al. 2011; Arcones & Bliss 2014) . Roberts et al. (2012) and Martínez-Pinedo et al. (2012) have recently shown that more investigation is necessary to determine the neutronrichness in neutrino-driven winds.
An exciting possibility to produce the heaviest elements in core-collapse supernovae are explosions driven not only by neutrinos but also by magnetic fields (see Winteler et al. 2012 , and references therein). Also mergers of two neutron stars or a neutron star and a black hole are excellent candidates to produce heavy r-process elements (Lattimer & Schramm 1974; Freiburghaus et al. 1999) . Neutron star mergers eject matter in various ways and with different composition, for more details see e.g. Korobkin et al. (2012) ; Bauswein et al. (2013) ; Hotokezaka et al. (2013) ; Perego et al. (2014) ; Just et al. (2014) ; Metzger & Fernández (2014) .
The "r-process" and the slow neutron-capture (s-)process (see Käppeler et al. 2011 , for a review) produce heavy elements that are ejected by stellar winds or high energy explosive events. After these events, the material ejected into the interstellar medium (ISM) will become part of the next generation of stars. These stars will, via several nucleosynthetic processes, continuously create more elements and gradually enrich the Galaxy in chemical elements. This chemical enrichment can be traced by stellar abundances in stars of various ages (and metallicities), by analyzing the elements' absorption lines. The s-process is a secondary process, i.e. it needs seed nuclei 2 (Busso et al. 1999) . Therefore, the oldest stars will only have heavy elements formed by the "r-process", while young stars, like our sun, have contributions from both s-and "r-process" components. The solar s-process contribution or component is calculated combining stellar models and nuclear physics of stable (or close to stability) nuclei (Käppeler et al. 2011 ). Knowing the s-process abundances, the solar "r-process" is traditionally obtained as the difference between the observationally derived solar abundance and the calculated s-process abundances. Therefore, the solar "r-process" is a residual abundance pattern, that may contain the contribution from more than one process.
There are observational indications of several processes contributing to the so-called "r-process" at low metallicity, which was earlier thought to be universal and unique. Observations of very old stars, which are enriched only by the "r-process", present a robust pattern for elements heavier than Ba in agreement with the residual solar system "r-process" component. However, there is some variations in the abundance patterns between Sr and Ag (e.g., Sneden et al. 2008; Hansen et al. 2012 Hansen et al. , 2014 . This points to at least two processes or events contributing only to these lighter heavy elements Qian & Wasserburg (2001 . Moreover, Travaglio et al. (2004) showed that the isotopic abundances in the solar system for these elements may not be fully explained only with a robust r-process and the s-process. An ad-2 Recently, fast rotator stars at low metallicities have been suggested as possible s-process site at low metallicities, see e.g. Frischknecht et al. (2012) ; Cescutti et al. (2013) ; Pignatari et al. (2008 Pignatari et al. ( , 2010 Pignatari et al. ( , 2013 ditional primary process (LEPP) was introduced by them and further investigated in Montes et al. (2007) . This name is very general and can stand for chargedparticle reactions occurring in neutrino-driven winds after core-collapse supernovae (Woosley & Hoffman 1992; Witti et al. 1994; Qian & Wasserburg 2007; Arcones & Montes 2011 ), a primary s-process in fast rotating stars (Frischknecht et al. 2012; Pignatari et al. 2008) , or mass transfer in an extremely metal-poor star system facilitating and early s-process (Cruz et al. 2013) .
The need for an additional primary processes (a LEPP) is also seen through stellar observations of old metal-poor stars, where this is expressed by a large spread in the stellar abundances of neutron-capture elements vs. metallicity (see e.g., Spite & Spite 1978; Ryan et al. 1991; Norris et al. 1993; Primas et al. 1994; McWilliam 1998; Barklem et al. 2005; François et al. 2007; Roederer et al. 2010; Hansen et al. 2012; Yong et al. 2013; Hansen et al. 2014) . While the magnesium abundances lie closely around the abundance average showing a small spread, the neutron-capture element abundances of the same metal-poor stars show a large scatter. This scatter is far in excess of any observational uncertainty.
In summary, what it is commonly called "r-process" seems to contain at least two processes or components, hereafter r-process and LEPP. In this paper we disentangle these contributions to each elemental abundance. This has been done in the literature (e.g., Montes et al. 2007; Li et al. 2013 ) by using two characteristic stars: CS 22892-052 (Sneden et al. 2003) and HD 122563 (Honda et al. 2004 (Honda et al. , 2007 . CS 22892-052 is highly enriched in heavy r-process elements (i.e., heavier than Ba) and shows a typical r-process fingerprint. Meanwhile, HD122563 presents high abundances of the lighter heavy elements (between Sr and Ag) compared to the heavy elements, and is often referred to as the prototype LEPP star. In this paper, we employ different methods to extract the r-process and LEPP components, and to constrain the astrophysical conditions in which the LEPP takes place. Thus, we can explore the processes separately, and place constraints on the astrophysical conditions under which the processes take place. This paper is organized as follows: A large sample of metal-poor stars is reduced, homogenized, and discussed in detail in Sect. 2. In Sect. 3 the methods to obtain the r-process and LEPP components are introduced and compared to observations. In Sect. 4 the separated LEPP abundances are used to place constraints on the neutrinodriven winds. Summary and conclusions can be found in Sect. 5.
DATA -OBSERVATIONALLY DERIVED STELLAR

ABUNDANCES
We focus on the subprocesses in the "r-process" 3 -the main r-process and the LEPP. Hence, we try to remove any s-process contribution in the following analysis. This is done through the five selection criteria (below), which we apply to the large, inhomogeneous sample presented in Frebel et al. (2010) .
The log ǫ abundances were adopted and when necessary converted to relative abundances using the solar abundances from Anders & Grevesse (1989) . In order to trace the primary nucleosynthesis processes the sample was "cleaned" by removing stars that may be affected by other processes or internal nucleosynthesis and mixing. Only stars that follow these criteria are included in our subsample, which have been used to extract and constrain the LEPP and r-process: 1. [Fe/H] < −2.5: this removes the majority of the sprocess contribution. Travaglio et al. (2004) 2. [C/Fe] < 0.9: this ensures that no carbon enhanced metal-poor (CEMP) star is included (Masseron et al. 2010 ).
3. [Ba/Fe] < 1.0: this cuts out Ba stars, and together with the previous one removes strong s-process enhancement in e.g. CEMP-s stars.
4. Excluding abundances that are only upper limits yields a better and more solid, final abundance pattern with known reasonable sized uncertainties. This facilitates a more direct comparison of observations predictions.
5. [C/N] < −0.4 and [N/Fe] > 0.5: this excludes stars with internal mixing owing to the stellar evolution (Spite et al. 2005) . Very evolved stars burn C into O and later N, which will result in lower C and higher N and O abundances.
Moreover, if we also require that each star needs to have at least five heavy element detections or more (i.e., we do not count upper limits), the final reduced sample consists of 39 stars. However, if we either include upper limits or loosen criteria 5) to only affect [C/N] < −0.4, and set no [N/Fe] constraint, the sample is increased. All details are listed in Table 1 , where an '*' indicates that all five criteria have been applied in the above described way.
The original sample from Frebel et al. (2010) is a compilation of different sources from the literature. Therefore, our reduced sample is inhomogeneous owing to the variety of different stellar parameter scales and methods used to derive these abundances.
After carefully examining the observational data, inconsistencies between the "raw" data found in the literature and the compilation in Frebel et al. (2010) were revealed for two of the reduced sample stars. As a consequence these were removed from our final sample. The star CS 30325-094 has a Eu abundance that is observed only as an upper limit in François et al. (2007) and the Pm abundance was not found in the quoted reference. In addition, CS 22783-055 (McWilliam et al. 1995b,a) has abundances in the table that we were not able to find in the literature.
The abundance pattern of each star, consists of both neutral and ionized elemental abundances, and some species (e.g. Sr I -the minority of Sr) are more affected by NLTE (and possibly 3D) effects than other species (e.g., Sr II -the majority of Sr). This introduces a possible bias between the mixture of neutral/ionized elements that compose the total abundance pattern, and this bias may exceed the uncertainties stemming from the inhomogeneity of the sample. The NLTE corrections are not calculated for all the heavy elements (owing to the lack of atomic physics), and even fewer of the heavy elements have NLTE corrections calculated for a large stellar parameter space (some of these elements are Sr and Ba which have been investigated in detail e.g. Andrievsky et al. 2009 Andrievsky et al. , 2011 Bergemann et al. 2012; Hansen et al. 2013 ). Fortunately, a lot of the heavy elements have abundances derived from the majority species (which in many cases are single ionised lines), and for some of these elements the 3D and NLTE effects may cancel out, thereby removing the bias in the heavy element abundance pattern.
We account for the sample inhomogeneity that may lead to biases in the abundance pattern by propagating slightly increased uncertainties into the nucleosynthesis components in the next sections (Sect. 3 and online Appendix A).
NUCLEOSYNTHESIS COMPONENTS
3.1. Component identification Following Qian & Wasserburg (2008) and Li et al. (2013) , we assume that there are three nucleosynthesis contributions to the abundances observed in metalpoor stars: an r-process component responsible for the production of heavy elements like Eu, a LEPP compo-nent creating mainly the lighter heavy elements between Sr and Ag, and a P-component responsible only for the iron-group nuclei 4 . Furthermore, we assume that the nucleosynthesis processes or components that significantly contribute to the Galaxy abundances at early times are "robust" within the abundance uncertainties, i.e. they always produce the same abundance patterns. For the LEPP, this is seen in Fig. 2 , where we plot four LEPPenriched stars. These show a fairly consistent pattern (within ∼ 0.2 dex, which corresponds to a general abundance uncertainty)
5 . In Sect. 3.3, we will show that such assumption is justified by the good agreement between observed and calculated abundances using the derived pure LEPP and r-process components. Moreover, we will comment on the performance of the method within the adopted uncertainties and under the given assumptions. The pure nucleosynthesis component patterns are obtained using three different methods (M1, M2, M3) in order to test their robustness and to estimate their uncertainties (see online Appendix A for details). All methods use abundances from the pure, unaffected nucleosynthesis components, that are obtained from the metal-poor stars HD 122563 and HD 88609 (which have large [Sr/Eu] ratios, Honda et al. 2007 ) and metal-poor star CS 22892-052 (which has a large [Eu/Fe] ratio, Sneden et al. 2003) .
Method one (M1) assumes that HD 122563 6 has only been enriched by LEPP (due to the large Sr-enrichment) while CS 22892-052 has only been enriched by the rprocess 7 (due to its large Eu-enrichment). As such, their abundances show already the pure nucleosynthesis abundances of the individual components. These are shown in the upper panel of Fig. 3 .
Method two (M2) follows Montes et al. (2007) and assumes that while CS 22892-052 has a pure r-process abundance, HD 122563 shows a large LEPP component combined with a small r-process contribution. This small 4 The P-component corresponds to matter ejected after corecollapse supernovae produced in two ways: hydrostatically during the life of massive stars and explosively when the supernova shock propagates outwards. This component has no contribution from the neutrino-driven wind and thus reaches only iron-group nuclei but not the heavier.
5 However, we refer to Sect. 3.5 and Fig. 12 for further comments on this matter 6 the same applies for HD 88609 7 hereafter main r-process will be referred to as r-process contribution is removed by subtracting the abundances of CS 22892-052 from the HD 122563 abundance (by scaling to the average of Eu, Gd, Dy, Er and Yb abundances in each star). This leaves only the pure LEPP pattern as shown in the middle panel of Fig -Pure LEPP and r-process nucleosynthesis components obtained using the three methods described in the text. In all three panels, the solid blue line corresponds to the LEPP component obtained in method 1 (M1) and the dashed green line to the rprocess component also with M1.
Method three (M3) follows Li et al. (2013) and assumes that the mentioned metal-poor stars abundances do not have pure nucleosynthesis components, but instead have a dominant contribution from one of the components. The pure component abundances are obtained by systematically eliminating the abundances from the process that contributes the least. The 1 st -order LEPP abundance is obtained by subtracting the CS 22892-052 abundances (scaled to the Eu abundance which is predominantly produced by the r-process) from the average of the HD 122563 and HD 88609 abundances. Conversely, the 1 st -order r-process abundance is obtained by subtracting the average of the HD 122563 and HD 88609 abundances (scaled to the Fe abundance which may be produced by the LEPP) from the CS 22892-052 abundances. The pure abundances are obtained by further subtraction of the remaining contribution, e.g. the n thorder LEPP abundance is obtained by subtracting the (n − 1) th -order r-process abundances scaled to Eu from the average of the HD 122563 and HD 88609 stellar abundances. The procedure is repeated until the difference in the LEPP and r-process is smaller than the observational error. Figure 3 (bottom panel) shows the nucleosynthesis components obtained following this method. The robustness of the derived M3 components was checked by using different combinations of metal-poor stars. Since the assumption is that metal-poor stellar abundances have contributions of robust LEPP and r-process events, any pair of metal-poor stars could in principle be used to obtain the pure components (see Appendix A for additional tests). However, the errors of the iterative method are smaller when the differences between the observed abundances are larger -i.e. LEPP-enriched versus Euenriched stars.
The derived r-process abundances shown in Fig 3 are remarkable consistent between the different methods. The calculated abundance difference between methods is within ±0.2 dex for every element. In contrast, the derived LEPP abundances vary up an order of magnitude for elements heavier than Ba. For elements between Sr and Ag, the obtained LEPP abundances are within ±0.2 dex for all methods. In the following, we assume a component (r-process and LEPP) uncertainty of ±0.2 dex for every element and consider the possibility, that the LEPP may be limited to elements up to Ag (see Sect. 3.3), hence it does not reach heavier elements.
In order to account for a metal-poor star with a large amount of iron-group elements, a third nucleosynthesis (P-) component was added producing only iron-group elements and no elements Z ≥ 38. This component has been identified when explaining trends in the abundances (Qian & Wasserburg 2008; Li et al. 2013) and it is mainly responsible for stars with [Sr/Fe]≤ −1. The abundances of this component are taken from Li et al. (2013) .
Abundance deconvolution
The LEPP, r-process, and P nucleosynthesis components (C) introduced in the previous section are responsible for the observationally derived abundances (Y ) of metal-poor stars. For every element (Z), the abundance can be expressed as a combination of these components (Y r , Y L , and Y P ):
where C r , C L and C P are the weights of the r-process, LEPP, and P-components to the abundances of the star, respectively. It should be noted that since there is an arbitrary scaling factor when defining Y r (Z) and Y L (Z), the values of C r and C L are relative and only their overall trend have physical significance. The factor 10
is introduced to normalize the abundances at different metallicities.
In order to find the coefficients C r , C L , and C P that best match the observationally derived abundances in metal-poor stars, the following χ 2 -distribution was minimized,
where Z range is the elemental range considered in the minimization, ∆(Z) corresponds to the abundance uncertainty of element Z from both the observation and the nucleosynthesis component determination, and ν is the number of degrees of freedom in the fit (number of elements observed in Z range minus the number of fitted coefficients C). The uncertainty in the observation (0.25 dex) and the intrinsic error in the component estimation (0.2 dex) were added in quadrature to obtain ∆(Z) = 0.32 dex for all elements, see Appendix A.
Once the χ 2 -distribution (Eq. (2)) has been minimized for a given star, the minimum χ 2 obtained with the preferred C r , C L , and C P coefficients is associated with that star. A star that has its abundances well (badly) calculated within this approach, would result in a low (high) χ 2 -value. A large number of stars with high χ 2 -values would indicate that the assumptions in our approach are incorrect; namely, a robust nucleosynthesis components, a LEPP and a P-component responsible for iron-group elements up to Z<38, and a LEPP and a r-process responsible for the abundances of elements heavier than Z ≥ 38.
In the calculation of the χ 2 -distribution (Eq. (2)) different assumptions were made for the elemental range of every component as well as for the components themselves (see description of methods M1 to M3 in Sect. 3.1). We have tried different models using method 3 (M3) for the r-process component (all methods agree remarkably well), varying between methods 1 and 3 for the LEPP component, and including or leaving out the Pcomponent (Li et al. 2013) . In Table 1 the assumptions for eight models are summarized. Only stars with a minimum number of observed elemental abundances within Z range are considered (column 6). This leads to samples with different number of stars. In addition, the number of stars in the sample (column 7) marked with an asterisk corresponds to models that fulfilled the five criteria described in Sect. 2. We discuss these numbers in detail in the next section (Sect. 3.3).
In order to test how well our models fit the stellar abundance, the expected χ 2 -probability distribution was calculated by adding up the expected χ 2 -distribution of every star considered. Each star has an expected χ 2 -distribution that depends only on the degrees of freedom. The expected χ 2 -probability distribution can thus be expressed as
where ν i is the number of degrees of freedom for star i. The χ 2 -test relies on the assumption that each elemental abundance is normally distributed within a given error. If the expected χ 2 -probability distribution is too large compared to the minimum χ 2 -values satisfying Eq. (2), we either conclude that a statistically improbable excursion of χ 2 has occurred, or that our model is incorrect. If on the other hand, the expected χ 2 -probability distribution is too small, it is not indicative of a poor model but that a statistically improbable excursion of χ 2 has occurred, or that ∆(Z) has been overestimated in the model.
Fitting observations
We use different combinations of the r-and LEPP components for Z≥38 to calculate the minimum χ 2 (Eq. (1)). The minimum χ 2 is shown as a function of metallicity in the right panel of Fig. 4 for the first three models listed in Table 1 . In the left panel, one can see the expected χ 2 -distribution using Eq. (2) (red line) and histograms of the χ 2 -distribution values using different combinations of nucleosynthesis components. The P-component was neglected in those fits because we assume that it does not contribute to Z≥38. The stellar sample contains only stars with at least 5 elemental observations in the range Z≥38. This guaranteed that the fit had at least 3 degrees of freedom after C r and C L were fitted. The total number of stars satisfying these restrictions combined with the five criteria outlined in Sect. 2 is 39 stars.
In order to test if the model is valid, we compare the number of stars with a χ 2 -value outside the range, where we expect to find 95% of the stars (stars with χ 2 ≥ χ 2 5% = 2.31). If that number of stars is much larger than 5% of the number of stars considered (in our sample that would correspond to 2 stars out of 39), that would be an indication of a deficiency in our assumptions. The three models considered are well within the expected χ 2 -probability distribution (see Fig. 4 ). Only 1 star, CS 22189-009, is outside the expected range of χ 2 values. Therefore, this star cannot be explained by our assumption of two robust components. When the minimum number of observed elements is increased to ≥9 (reducing the sample to 21 stars), all stars have low χ 2 -values. The good agreement gives credence to the assumption of two independent robust processes being responsible for Z≥38 abundances.
We note, that if the criteria of excluding stars with internal mixing due to the stellar evolution was removed (Sect. 2), the number of stars with χ 2 values larger than 
Stars with low χ
2 -values show a typical trend (an example of this is shown in the lower panel of Fig. 5 ): Z≥56 abundances fitted by the r-process component, and 38≤Z≤47 abundances fitted by a combination of LEPP and r-process components. Thus, using M1, M2 or M3 LEPP abundances has no effect on the fits. The differences in the LEPP abundances in the three methods are larger for the range Z≥56 (the abundance range where the LEPP does not affect the fits) and they are within ±0.2 dex for the range 38≤Z≤47 (i.e., well within the fit ∆Z = 0.32 dex). In addition, in the range 38≤Z≤47, the r-process and LEPP abundances derived in Sect. 3.1 are remarkably similar and within the error bar ∆(Z) used in the fit. Since the LEPP is not making notable contributions to Z> 56 a combination of LEPP and rprocess contributions in the range 38≤Z≤47, is almost equivalent to having a single process making only those abundances (Z≤47) independently of the process responsible for the Z≥56 abundances. Model 3 in Table 1 is an example of this. Here we obtain good fits when using the M3-r-process only for Z>47 and the M3-LEPP only for Z<56 abundances components. Without any overlap in the components a good fit is still obtained for 38 out of the 39 stars considered (see dotted line in the left panel of Fig. 4 and black open squares in the right panel).
Following Li et al. (2013) , the fit range was expanded to Z≥8 abundances by including the P-component. Figure 6 shows the χ 2 -values when the stellar sample satisfy all requirements in Sect. 2 and have at least 13 observed elemental abundances (10 degrees of freedom after C r , C L , and C P are fitted). The total number of stars satisfying these restrictions is 140. The left panel of Fig. 6 shows the χ 2 -values using the P-, M3 r-process and M3 LEPP nucleosynthesis components (model 6, Table 1 -the solid line and black filled circles in this figure, while the red line is the expected χ 2 -probability distribution obtained using Eq. (3)). The results are compared to χ 2 -values using the P-, M3 r-process and a modified M3 LEPP component including only Z≥38 (model 8, Table 1 ), and are shown as a dotted line and black open squares in the right panel of Fig. 6 . Based on the bad fits when considering only one nucleosynthesis component in the range 8≥Z<38, it is clear that in order to match the observed abundances, at least two components are necessary to explain those abundances. Even though the number of stars with χ 2 ≥ χ 2 5% is 8 using model 6 (which corresponds to 6%), this is close to the expected poorly fit 5% of the total number of sample stars. However, these eight stars have χ 2 -values that are too large to be statistically irrelevant. These stars (CS31061-032, CS22189-009, CS22968-014, BS16934-002, CS22885-096, CS29506-090, CS29502-042, CS22897-008) may either show the nucleosynthesis signatures of processes not included in our simple model or there are inconsistencies in their abundance observations. Our best set of components are available on request but can also be calculated using the equations in Sect. 3.2. These component coefficients have been used in the following sections to extract the LEPP and r-process contribution to each star and assess the star-to-star scatter stemming from each of the processes/components individually.
3.4. Implications for Galactic chemical evolution In Sect. 3.2, we fit the observed abundances of a large sample of stars using two nucleosynthesis components that correspond to two robust processes: r-process and LEPP to explain the abundances of elements Z ≥ 38. Using Eq. (1) we can break each elemental abundance down into these two components:
where X is any of the heavy elements (Z≥38). In the following, the adopted C's have been derived using M3, model 1 (Table 1) considering the mentioned uncertainties. We note that any other combination of model and method would lead to similar results. By dividing Eqs. (4) and (5) by C L and C r we obtain the yields from one single event (not normalized by metallicity, 10 [Fe/H] ). However, these abundances are not absolute, but relative since they depend on C L and C r , which are not universal but may vary. The combination of Y (X) and C is, on the other hand, unique. The results for Sr, Zr, Ba, and Eu are shown in Fig. 7 , where the abundance (log ǫ*(X)) is plotted as a function of [Fe/H] and split into LEPP and r-process components. The asterisk indicates that the abundances are not absolute but depend on the C coefficients. To each of these contributions a line in matching colour has been fitted, and we tested different fitting techniques. (For further details on fitting techniques see Hansen et al. 2014 .)
The purpose of the panels in Fig. 7 is to show the relative outcome of one event that enriched the Galactic gasses in heavy elements. We make no statements on the absolute yields or mass ejected per event 8 , we merely want to illustrate that, as [Fe/H] increases, the enrichment events drive the Galactic chemical evolution resulting in larger abundances of the heavy elements. Furthermore, we can trace the contribution from each process (LEPP and r) separately. From the two top panels the relative contribution of Sr and Zr from a single event seems to be dominated by the LEPP, while the opposite is true for the two bottom panels showing Ba and Eu both dominated by the r-process (further details can be found in Sect. 3.5). The main point is here to show that the method works well, and that the dominant process almost always follow the expected trend with a spread that falls within the adopted uncertainty. A few data points deviate from this picture, and these correspond to cases where the method fails and produces bad χ 2 . This is generally limited to the LEPP abundance of Ba and Eu, where the relative abundance contribution from this process is uncertain. In summary, the method is capable of splitting the abundances accurately into contributions from the LEPP and r-process, and these obey the constraints we put. Furthermore, we can, from the separated abundances, directly see imprints of the Galactic chemical evolution where each event gradually enrich the Galactic stars in heavy elements. 3.5. The star-to-star scatter It is well known from earlier studies (see e.g., Spite & Spite 1978; François et al. 2007; Roederer et al. 2010; Hansen et al. 2012 ) that a large star-to-star scatter as a function of metallicity exists for most neutroncapture element abundances. The large scatter has been attributed to the element abundance being produced in more than one type of nucleosynthesis process or astrophysical environment. For example, an α-element like Mg does not show a large star-to-star scatter, but only spreads around a mean value of ∼ ±0.24 dex (see upper panel of Fig. 8 and Table 2 ), while many neutron-capture elements show a scatter of ± ∼ 0.3 to 1 dex or even more (for Sr see mid-panel of Fig. 8 ). This scatter is much too large to be explained by observational biases or model assumptions (such as 1D and LTE). In this section, we use the derived LEPP and r-process components to split the observationally derived abundances into individual r-and LEPP contributions and show that this scatter is reduced but still present in the individual components. Figure 8 shows the abundances of the stellar sample obtained by applying our selection criteria (Sect. 2) compared to the complete sample as a function of metallicity for a few selected elements. Just by applying the selection criteria the star-to-star scatter has decreased and the selection criteria is therefore successful in removing contamination from other processes (s-process) as well as CEMP stars, among others. The mean and standard deviation from the mean are shown in Table 2 .
To fully understand the remaining star-to-star scatter present in the reduced stellar sample, we rewrite the standard [X/Fe] abundance convention to only include the contribution from either the LEPP ([X L */Fe] -Eq. 6) or the r-process ([X r */Fe] -Eq. 7). The first logarithmic term in those equations corresponds to the total (normal) log ǫ(X).
[X * r /Fe] = log(10
The LEPP and r-process contributions to the total abundance are shown in Fig. 9 as a function of [Fe/H] . Starting with the top panel showing [Sr * /Fe], we conclude that in most cases the LEPP process contributes most to the Sr abundance derived from these stars. Only in few stars, the r-process contribution is dominating the Sr abundance. Table 3 shows the the mean and standard deviation from the mean for the elements shown in Fig. 9 . While Zr behaves similar to Sr (LEPP creating most of the observed abundance), both Ba and Eu are dominated by the r-process. A large scatter is found for Ba and Eu vs [Fe/H] and it indicates that these two ncapture r-process elements are not co-produced with Fe (as originally postulated in Spite & Spite 1978) . The situation for the lighter elements Sr and Zr is less clear cut. The larger scatter in these elements has the same size as the adopted uncertainty (0.32 dex) so definite conclusions are not possible. It should be noted however, that the worst models in our fitting procedure (model 7 and 8 in Table 1 ) separated the production of Sr and Zr abundances from Fe. Since it is likely, based on these results, that the LEPP extends down to iron-peak nuclei, some co-production of Sr and Zr with Fe is possible (the P-component would still create Fe abundances independently). This partial co-production (through the LEPP) would reduce the scatter compared to completely un-correlated nuclei such as Eu, but still would be larger compared to completely correlated abundances such as Mg.
The robustness of the LEPP and r-process contributions can be studied using Fig. 10 and Fig. 11 . Barium and Eu show an almost perfect correlation for the r-process with little spread (±0.19 dex). Strontium and Zr, on the other hand, shows a larger star-to-star scatter in both LEPP and r-process, with standard deviations of 0.27 dex and 0.38 dex, respectively. Again, the deviations are at the limit of the component uncertainties used in the fitting procedure used to obtain the components (0.32 dex). This suggests that the r-process that dominates the heavier elements (Z≥56) has a smaller intrinsic scatter compared to the LEPP intrinsic scatter. By extracting stars from our sample with large LEPP component coefficients, we find strongly LEPP-enriched stars in order to test the robustness of the process. Figure 12 shows the abundances of stars HE0104-5300, HE0340-5355, BS16469-075, HE1252-075, HE2219-0713, BD+4 2621 , HD4306, HD88609, and HD122563 which have a predominantly LEPP contribution. They show a larger spread in their abundance pattern than first expected (see Fig. 2 -where the well-known LEPP stars agree within ±0.2 dex). The larger sample of possible LEPP stars indicate that these stars show an abundance spread within ±0.32 dex, which is the allowed abundance uncertainty adopted for our pattern fitting (see Fig. 12 ). This means that the LEPP stars are consistent, can be fitted and described by the method, but that their abundance patterns are not as robust as originally thought when looking at Fig. 2 . Recently, Roederer (2013) showed an almost perfect correlation between Sr and Ba and concluded that all stars must have heavy elements in their atmospheres, and that the reason why we do not detect them are due to weak lines and observational biases. In Fig. 13 we show that both Sr and Ba grow (same as Roederer (2013)), almost at the same rate when looking at the total [Sr/H] versus [Ba/H] . This could indicate a co-production of Sr and Ba in the same site or process yielding almost the same amounts. However, the large star-to-star scatter could easily veil differences in formation process and site between Sr and Ba. Only when splitting the Sr and Ba abundances into components we detect the differences in the single formation processes (for comparison see Figs. 10 and 11). Here we clearly see the difference in how Sr is predominantly produced by a LEPP process, a process which does not have to produce any or only little Ba (see . This detaches the origin of these two elements. The relation showed by Roederer (2013) indicates that despite the fact that all stars most likely have been enriched in heavy elements, they do not need to be created by the same process but could originate from the same object via different processes. This statement will need to be verified in the future by improved yield predictions as well as GCE models, which will help us disentangle the formation sites and quantities.
3.6. Predicting abundances Europium is important because it is almost a pure rprocess tracer. Thus, we need to know how this element behaves observationally at the lowest metallicities to constrain and optimize theory. Figure 1 shows that it is very challenging (or impossible) to measure Eu abundances in extremely and hyper metal-poor stars (which confirms the bias mentioned in Roederer 2013). This is a problem, because these abundances are needed to compute abundance patterns and to improve results and interpretations from galactic chemical evolution (GCE) models. These rely on the number (statistics) of the observationally derived abundances. Our method may help improve the statistics for future GCE models of Eu.
Since 94% of Eu is created by the r-process (see e.g., Bisterzo et al. 2014) , one can use the described method (Sect. 3) to predict Eu abundances, which cannot be derived from observations owing to low metallicity or poor spectrum quality. First, we assume that 100% of Eu is created by the r-process. We then predict Eu via a scaling relation between the r-process Eu and r-process created Ba abundances. Barium is an obvious choice as this element is a good r-process tracer at low metallicity and it shows fairly strong absorption lines even in extremely metal-poor stars. Therefore we know the Ba abundance in a much larger number of stars than the ones for which we know the Eu abundance (see Fig. 8 ). The relation between the r-process Eu and Ba (see Fig. 14) can be then used to predict unobserved Eu abundances (triangles in the figure): log ǫ(Eu) r = 0.87 · log ǫ(Ba) r − 1.08.
By using this relation, the number of Eu abundances known below [Fe/H] =−2.5 would increase by 50%. Moreover, the predicted [Eu/Fe] abundances as a func- tion of metallicity are shown in Fig. 15 and follow the observationally derived abundances. This indicates that the method and the assumptions are reasonable and trustworthy.
Although, this method can by no means replace real observationally derived abundances, it can be used to estimate Eu abundances either for GCE calculations or to estimate stellar abundances when applying for followup observing time. Once the predicted abundances are known, it is much easier to scale the observing time necessary to obtain the spectrum quality needed to measure the stellar abundances. This is faster than applying a solar scaled r-process pattern to estimate the wanted abundance. With the calculated component coefficients at hand one can estimate the r-process abundances for all the heavy elements. The method can not predict the peculiarities, which may occur for single elements in nature, but will only work for stars that show a standard r-process pattern.
USING COMPONENTS TO CONSTRAIN ASTROPHYSICS
In previous section, we have described how to distinguish the contributions of various nucleosynthesis components corresponding to different astrophysical processes and/or sites. In this section, we use the derived LEPP abundances to constrain the astrophysical conditions where this process may occur. This exercise has been done with the robust r-process pattern between the second and third peak (see e.g. Mumpower et al. (2012) for a recent study). The uncertainties on the astrophysical site and the nuclear physics involved continue to make the modelling of the r-process very challenging. In contrast, there are several promising astrophysical formation channels for the lighter elements and the nuclear reactions stay relatively close to stable nuclei. The challenge for the lighter elements is to identify which of these belong to the LEPP component. We have shown that the observed abundances can be nicely fit with a LEPP pattern up to Z=56 or with a LEPP pattern that extends further (models 2 and 4, Table 1 ).
Two of the promising LEPP formation sites are the neutrino-driven winds and the fast rotating stars at low metallicity (Frischknecht et al. 2012; Cescutti et al. 2013; Pignatari et al. 2008 Pignatari et al. , 2010 Pignatari et al. , 2013 . However, the latter cannot be considered as a main formation site for the sample selected according to the criteria in Sect. 2, since the spinstars generally produce large C abundances and those have been removed from our sample (criteria number 2 and 5).
The extracted LEPP component is used to constrain neutrino-driven winds assuming this is the astrophysical site producing it. Neutrino-driven winds occur after a successful core-collapse supernova explosion, when neutrinos deposit their energy in the outer layers of the neutron stars, and these get ejected (see Arcones & Thielemann (2013) for a recent review). Although neutrino-driven winds were thought to be the site for the r-process (Woosley et al. 1994) , recent hydrodynamic simulations have shown that the required extreme conditions are not reached. It is still possible that the winds may have the conditions necessary to produce the LEPP conditions as has been explored in Arcones & Montes (2011) .
For a robust LEPP component, the ratio between elemental abundances should be reproducible under the proper astrophysical conditions. To explore which combinations of wind parameters can explain the abundances of the LEPP component, one trajectory from Arcones et al. (2007) is systematically modified. In order to explore different entropies (S ∝ T 3 /ρ), the density is reduced and increased within a ∼ ±30%. The initial electron fraction is also varied from neutron-to protonrich conditions. Moreover, we have explored different trajectories to see the impact of different expansion time scales. Although this can also be analyzed by modifying the original time of the trajectory by multiplying by different factors (for more details see Arcones & Bliss (2014) ). Figure 16 shows abundance ratios of Sr with respect to Y, Zr, and Ag using a wind trajectory ejected 5 s after bounce as a template and varying the entropy and Note that the abundances in proton-rich winds depend on the electron antineutrino luminosity and energy because nuclei are produced by the νp-process (Pruet et al. 2006; Fröhlich et al. 2006; Wanajo 2013) . For slightly different neutrino conditions the allowed regions in Fig. 17 can be shifted and there could also be an overlap for slightly proton-rich conditions. However, this slightly proton-rich (Y e > 0.5) region of the parameter space is less relevant because the abundances of elements between Sr and Ag for such conditions are very small. In neutron-rich (Y e < 0.5) conditions the LEPP ratios can be reproduced only in some thin regions of the parameter space. For small variations of the wind parameters the abundances change steeply in contrast to the smooth trend in proton-rich winds ( Fig. 16 and Arcones & Bliss (2014) ). During the time evolution of the wind, the parameters evolve and change. Therefore, in neutron-rich conditions this will lead to variations of the abundance pattern, i.e. non robust LEPP. All this strongly suggest that, if the LEPP takes place in neutrino-driven winds, proton-rich conditions are more favourable as they can better reproduce observations. Based on this and the findings in Sect. 3.5 we estimate that a proton-rich environment is most likely, but with the current amount of uncertainty we cannot exclude some pollution from a neutron-rich conditions, which may help to explain the star-to-star scatter found around Sr -Zr (see also Fig. 10 and Fig. 12 ).
All previous discussion is based on a single trajectory. We have furthermore studied other trajectories and the results vary quantitatively but the qualitative behavior and conclusions are the same. Trajectories ejected at different times have various expansion time scales. However, the impact of the time scale is analogous to the entropy, shorter time scale and high entropy both lead to higher neutron-to-seed and proton-to-seed ratios, which are the quantities that determine the nucleosynthesis (for more details see Hoffman et al. (1997) ; Arcones & Thielemann (2013) ; Arcones & Bliss (2014) ).
The parameters of the neutrino-driven wind evolve with time as the neutrino luminosity decreases and the neutron star contracts and cools. Variations are also expected for different stellar progenitors, as more massive ones will lead to more massive neutron stars which in turn means higher entropy allowing heavier elements to form (Qian & Woosley 1996; Otsuki et al. 2000; Thompson et al. 2001) . Therefore, the contribution from neutrino-driven winds to the observed abundances and to the LEPP component comes from combinations of wind parameters, i.e. various points in Figs. 16-17 . In order to explain the LEPP component most of the mass needs to be ejected with parameters from the overlapping regions in Fig. 17 , even if any combination of wind parameters can be realized. If the contribution from neutrino-driven winds comes from very different regions of the parameter space, the abundance pattern would not reproduce the LEPP component and it would not be robust. Therefore, the robustness (within error bars) strongly constrains the astrophysical conditions where the LEPP component is produced. Here we have used the neutrino-driven wind but one could make the same exercise looking at ratios from other sites that are LEPP candidates.
Which is the heaviest element that can be produced in neutrino-driven winds for typical wind parameters? Up to now we have discussed only Sr, Y, Zr, and Ag but the LEPP component obtained in Sect. 3 may extend up to Ba. For typical wind conditions, Ba is not produced or only in negligible amount. Therefore, if observations confirm that the LEPP component extends up to this element, the neutrino-driven wind (as obtained in current hydrodynamic simulations) cannot explain the LEPP.
SUMMARY & CONCLUSION
Abundances from very old stars provide clues about the origin of the elements in the early universe. The observation of these abundances have shown that most of the stars have a consistent pattern for elements heavier than Ba, and that the abundances of those elements do not scale with the amount of Fe. This consistency does not extend to the abundance pattern between Sr and Ba. These features point to at least two nucleosynthesis processes contributing to the abundances of elements between Sr and Ba. By using three different methods we disentangled these nucleosynthesis processes and obtained their abundance patterns. In doing so, we assumed that both contributions, a main r-process and a lighter element primary process (LEPP) are robust. All the methods are based on metal-poor stars with large [Sr/Eu] ratios, HD 122563 and HD 88609, and a star, CS 22892-052, which has a large [Eu/Fe] ratio. The derived LEPP abundances between Sr and Ag and all rprocess abundances are remarkably consistent between the different methods (they agree within ±0.2 dex). The derived LEPP abundances for elements heavier than Ba vary by up to 0.6 dex among the methods. Because of this we cannot precisely determine the LEPP contribu-tion to the heaviest elements.
We have used the abundances from a large inhomogeneous sample of metal-poor stars (Frebel et al. 2010) and applied selection criteria to eliminate stars that may be affected by the s-process and internal/or stellar selfpollution (Sect. 2). Using the derived LEPP and rprocess abundance patterns, we showed that the large majority of metal-poor star abundances can be reproduced by adding weighted LEPP and r-process abundances and that the agreement is within ±0.32 dex for every element. Since the LEPP abundances vary for the heavier elements (Ba and heavier) among the different methods, different combinations of LEPP and rprocess abundances were tried. When applying the selection criteria all combinations successfully reproduce the observed abundances and show that for elements heavier than Ba the abundances are mostly produced by the main r-process, while for elements between Sr and Ag, both the LEPP and r-process contribute. We have also expanded the elemental range down to Z ≥ 8 by using an additional nucleosynthesis contribution (P-component). This component creates nuclei around Fe, and it is typically used to explain stars with large [Fe/Sr] ratios. Our results show that at least two components are necessary to explain the 8 ≥ Z < 38. This agrees with earlier studies (Qian & Wasserburg 2008; Li et al. 2013) .
By deconvolving the stellar abundances into the individual process contributions we have also studied starto-star scatter as a function of metallicity. The r-process abundances show a large scatter for Ba and Eu vs [Fe/H], and it indicates that these two r-process elements are not co-produced with Fe (as originally postulated in Spite & Spite 1978) . For elements between Sr and Ag, the scatter found for the dominant contribution (LEPP) matches the uncertainty in our method (±0.32 dex). This scatter is however reduced compared to the scatter in the full stellar sample, and this shows that our selection criteria efficiently removed polluting contributions.
The calculated nucleosynthesis component abundances can also be used to predict unobserved abundances. The observed r-process abundances show an almost perfect linear correlation between Ba and Eu. Once we know the Ba abundance, we can directly calculate the Eu abundance when it is not possible to derive it either due to poor spectrum quality or other observational biases. This highlights the importance of improving both observations, theory, and GCE models to extract information on how the heavy elements were formed at low metallicity.
The abundance patterns of the components were also used to constrain the conditions in neutrino-driven winds. These ejecta, following core-collapse supernovae, represent a likely candidate for the LEPP. Under such conditions the LEPP corresponds to charged-particle reactions (Hoffman et al. 1996b; Qian & Wasserburg 2007) combined with a few neutron captures in slightly neutron rich conditions, i.e., a weak r-process, or with proton captures in proton-rich conditions, i.e. a νp-process (Pruet et al. 2006; Fröhlich et al. 2006; Wanajo 2006) . If the LEPP takes place in neutrino-driven winds and is responsible for the observed abundances, then the conditions should reproduce the LEPP abundance pattern. Here, we have carried out an extensive study varying wind entropy and electron fraction to show which combinations of wind parameters reproduce the LEPP pattern. Studying the ratios of Sr/Y, Sr/Zr and Sr/Ag, we significantly reduced the parameter space. In order to coproduce the right ratios of Sr/Y and Sr/Zr, very protonrich conditions are required. In neutron-rich winds, these ratios also agree with the LEPP pattern only for a small set of Y e -entropy combinations. If in addition, the ratio Sr/Ag needs to be produced, only proton-rich conditions seem to be plausible. Under the conditions studied here the wind cannot create Ba or heavier elements. It may well be, that some neutrino-driven winds have neutronrich conditions and produce LEPP ratios for Sr/Y and Sr/Zr (within our error of 0.32 dex), while other winds become proton-rich and also produce the LEPP Sr/Ag ratio. Moreover, the wind trajectory used as template for our study can also vary (i.e., differences in expansion time scale or in neutrino energies and luminosities). This may slightly increase the overlap regions on the Y eentropy plane.
Our results show the power and possibilities of using r-process and LEPP components to understand stellar abundances. However, the uncertainty of our method is 0.32 dex and this leaves room for variations. Indeed, we have shown that the r-process abundances are more robust than the LEPP abundances. This lack of robustness becomes more remarkable for Z > 47 in LEPP stars and in the correlation of Sr with Zr (Fig. 10) . These variations found in LEPP elements may be due to the contribution of more than one process or to a non-robust process. Only with increasing number and quality of the observations of LEPP-like stars, it will be possible to constrain the process(es) and conditions producing heavy elements. More observations and wind studies are necessary to further constrain the conditions of this astrophysical scenario, but our results represent the first attempt and show the power of this method.
as it does not assume a predominant process. Stars BD+4 2621 and HD6268 were selected because these stars have detailed abundances of a large number of elements. The derivation of the LEPP and r-process abundances using these stars' abundances is referred to as method M3b. The impact of the uncertainties in the observed stellar abundances and the inhomogeneity of the sample was tested by creating an extreme case based on BD+4 2621 (method M3c). The new abundances in this "modified" star were "created" by randomly selecting abundances for a given element between the values found in literature (within their observational uncertainty) for that element. Abundances of other stars were not modified. Figure 18 shows the abundances obtained by using BD+4 2621 and HD6268 in method M3b, and using method M3c for the "modified" BD+4 2621 and HD6268. Similar results are obtained using different combinations of stars. All r-process and LEPP abundances in the range 38 ≤ Z ≤ 47 are very similar and show a good agreement within ±0.2 dex. By comparing the results of methods M3b and M3c, it can be seen that the uncertainty in the abundance determination due to the observational uncertainty is also within ±0.2 dex. For LEPP nuclei with Z ≥ 56, the differences among the methods (M3, M3b and M3c) are larger and this reflects the intrinsic limitations of the method (or physical features of the process, since the LEPP may not create these nuclei very efficiently). The more similar the abundances of the stars are, the larger the uncertainty in the decomposed abundances. The difference between the methods can be taken as a conservative uncertainty in the component abundances, because BD+4 2621 are HD6268 are not dominated by an individual component (LEPP or r). The uncertainty obtained based on M3, M3b , and M3c is similar to the one based on M1, M2 and M3. Therefore, the use of different LEPP abundances (M1 and M2 in Table 1 ) also covers the error due to the choice of the initial stars. Since the uncertainty for both components (excluding LEPP Z ≥ 56) is within ∼ 0.2 dex and the observationally derived abundances have on average 0.25 dex uncertainty, these contributions were added in quadrature and used in the abundance deconvolution described in the Sect. 3.2.
